The mode-division multiplexer/demultiplexer (MMUX/DeMMUX) is the crucial component for the implementation of mode-division multiplexing (MDM) transmission. We propose an on-chip two-mode MMUX/DeMMUX based on adiabatic couplers. Thanks to the principle of mode evolution, the proposed MMUX possesses advantages of broadband operation and high tolerance of fabrication error. The performance is experimentally evaluated by integrating the proposed MMUX and DeMMUX into an on-chip MDM link, with a low crosstalk of <-19 dB and insertion loss of <1.5 dB over a wavelength range of 90 nm. Furthermore, reasonable performance degradation can be observed for deviations of gap and etch depth from -50 to 50 nm.
Introduction
To satisfy the exponentially increasing bandwidth demand for data-intensive applications such as Exascale performance computers and datacenters, various advanced multiplexing technologies have been investigated to increase the interconnection capacity by utilizing parallel channels [1] - [5] . The wavelength-division multiplexing (WDM) is one of the most successful multiplexing technologies, and it has been extensively employed in commercial applications. However, for WDM systems, multiple laser sources are required, resulting in high cost and energy consumption. Recently, mode division multiplexing (MDM) has attracted lots of attentions, because multiple spatial modes can be simultaneously applied to further increase the spectral efficiency and capacity. The mode division multiplexer/demultiplexer (MMUX/De-MMUX) which can combine/separate the complete set of guided modes of a multimode bus waveguide/fiber is the key device for MDM implementation [6] - [14] . Many previous schemes have been reported utilizing silicon-on-insulator (SOI) platforms, for instance, asymmetric directional couplers (ADCs) [6] - [8] , the multimode interference (MMI) coupler [9] , [10] , and the asymmetric Y-junction [11] - [14] . The ADC-based MMUX usually takes advantage of compact footprint, and it can be easily scaled up to process more modes. However, the precise phase matching is compulsory, and the performance is sensitive to device size variations. On the other hand, the bandwidth is typically limited to a few tens of nanometers. The MMI-based device is relatively complicated, and several MMI couplers and phase shifters are normally needed. A precise fabrication is usually required to obtain the desired ultra-small corner in asymmetric Y-junction based scheme, and it is challenging to achieve a low-loss Y-junction. On-chip MMUX scheme based on adiabatic couplers (ACs) have been proposed recently, and it exhibits wide bandwidth due to the mode evolution principle [15] . However, the multiplexed signals are transmitted in the supermode waveguide rather than a normal bus waveguide, resulting in the incompatibility with other multimode devices for MDM system.
We propose and fabricate a simple on-chip MMUX/De-MMUX consisting of ACs and a micro Y-junction. The proposed scheme is different from the previously reported one [15] , a micro Y-junction is utilized to connect the ACs and normal bus waveguide, which can be used to accommodate other multimode devices such as higher order-mode pass filter [16] . In the proposed device, the angle between the branches of the micro Y-junction is much larger than that of asymmetric Y-junction, leading to a relaxation of the fabrication difficulty. Detailed theoretical investigation of the proposed MMUX is presented in order to obtain the optimal parameters. The integrated MDM link including the proposed MMUX and De-MMUX is demonstrated with crosstalk lower than −19 dB and insertion loss less than 1.5 dB over 90 nm wavelength range. Furthermore, the fabrication tolerance is investigated, indicating a good tolerance on gap and etch depth.
Operation Principle and Simulation
The proposed mode MMUX is presented in Fig. 1 . It consists of ACs and a micro Y-junction. Actually, ACs are commonly applied in the photonics lantern and one of the advantages is wavelength insensitivity [17] - [19] . For the ACs, two single-mode waveguides with different widths and a large gap are adopted, to avoid undesired interference. Then, the different widths are tapered slowly to a same value, and the gap is decreased gradually. Thus, part of the field in one waveguide is coupled into the other. The two waveguides are closely spaced to form a coupling configuration by supporting two supermodes denoted as S 0 and S 1 [20] . Based on the operation principle of mode evolution in the two waveguides forming the ACs [21] - [23] , one supermode can be selectively excited by launching only one normal mode from each waveguide. The mode profiles at different positions along the MMUX are shown in Fig. 1(b) . After the ACs, the supermodes propagate into the micro Y-junction and then are combined into the bus waveguide. The micro Y-junction is a symmetrical structure, and the branches consist of two very short single-mode waveguides with same width. According to the symmetry principle, when the symmetric mode S 0 is injected into the micro Y-junction, only TE 0 mode can be excited. Similarly, the anti-symmetric mode S 1 only excites the TE 1 mode. The working mechanism of symmetric Y-junctions can be also described as the even and odd supermode evolution from the stem of the micro Y-junction to the output [21] , [22] .
The MMUX is designed on SOI wafer with 220 nm top silicon, and the SiO 2 cladding is adopted to the entire device. To reduce the reflection at the corner between the two branches, the waveguides with 130 nm ridge height are utilized to constitute the device. Compared with strip waveguide, the ridge waveguide has lower propagation loss since it is less sensitive to sidewall roughness. In addition, more compact design and tolerant fabrication can be realized for the ridge-waveguidebased device. The waveguide cross sections at the main sections are exhibited in Fig. 1(c) . The two waveguides of the ACs are tapered from 0.5 and 0.3 to 0.4 µm linearly. On the other hand, the gap between them is decreased from 1 µm to various values (G) along the coupling length L. The width and length of the branch part of the micro Y-junction are 0.4 and 1 µm, respectively. The width of the bus waveguide is set as 0.8 µm. To further explore the mode evolution, the effective indices of the two guided modes in different positions along the propagation direction by the finite difference algorithm are calculated, as shown in Fig. 1(d) . The mode profiles at both ends of the ACs are also presented as the insets of Fig. 1(d) . One can see that the TE 0 mode injected into the wide waveguide evolves into S 0 mode, due to the closely matched effective index. In contrast, the TE 0 mode launching from the narrow branch converts into the S 1 mode.
The crosstalk with respect to the coupling length L of the ACs is calculated in Fig. 2(a) , for three different gaps (G = 100, 200, 300 nm) at 1550 nm. Here, the crosstalk is defined as the power ratio of the output TE 0 mode to the TE 1 in the bus waveguide, when light is injected from the narrow waveguide. For a fixed length, it can be seen that the crosstalk decreases with the reduction of gap G. On the other hand, the crosstalk can be very low when L is larger than 150 µm. The same results can also be obtained, when light is launching from the wide waveguide. In our design, G = 200 nm and L = 180 µm are utilized, by taking into account both crosstalk and device footprint. Although a more compact design is possible under the condition of a smaller G, the fabrication difficulty is increased greatly. To be noted, the angle between the branches of the Y-junction is 11.4 degrees, which is much larger than that of traditional asymmetric Y-junction (∼1 degree) [11] , leading to a relaxation of the fabrication difficulty. The calculated electric field distributions are shown in Fig. 2(b) . When TE 0 mode is launched from the wide input, a TE 0 mode is observed. Alternatively, a TE 1 mode can be obtained in case the TE 0 is injected from the narrow input. Thus, the mode multiplexed signals are achieved in the bus waveguide. The bidirectional eigenmode expansion (EME) method is utilized to obtain the electric field distributions.
Next, the bandwidth performance of the proposed MDM link is also calculated by the EME method, as shown in Fig. 3(a) . The EME algorithm has been extensively verified as a precise and effective method for simulating light propagation over long distances [24] , [25] . The schematic of a full MDM link containing two of the proposed designs acting as MMUX and De-MMUX is also shown, with two input ports (I1 & I2) and two output ports (O1 & O2), respectively. The MMUX has the same parameters with the De-MMUX, and a straight bus waveguide with 20 µm length is used to connect them. The legend "I2-O1" in Fig. 3(a) refers to the transmission from input port I2 to output port O1. The insertion loss at output port O1 is ∼0.9 dB from 1500 to 1600 nm, and the crosstalk (transmission path for I2-O1) is <-26 dB. The insertion loss at output port O2 is ∼0.2 dB, and the crosstalk (transmission path for I1-O2) is < -26 dB. Thus, a high extinction ratio of more than 25 dB over a range of 100 nm can be obtained, ensuring good performance for MDM operation. The insertion loss difference between two output ports may be due to larger refection at the corner of the micro Y-junction, because TE 0 mode has stronger electric field intensity in the center of the waveguide than that of TE 1 mode. The transmission curves as functions of gap G and the etch depth are calculated at 1550 nm, respectively. A crosstalk ∼-26 dB can be ensured when the gap G deviation is from -50 to 50 nm, as shown in Fig. 3(b) . The crosstalk also keeps ∼-25 dB when the etch depth deviation is from -50 to 50 nm, as shown in Fig. 3(c) . Consequently, large fabrication tolerance is possible, and thus, a good reliability of the proposed MMUX can be guaranteed.
Device Fabrication and Experimental Results
The proposed device was fabricated by the 248 nm deep ultraviolet lithography. Two etch masks are chosen to pattern the wafer: one etch depth of 70 nm for the grating couplers (GCs) and the other etch depth of 130 nm for the waveguides. The inductively coupled plasma (ICP) etch is applied to form the structure. Fig. 4 shows the microscope views of the fabricated MDM link. The zoom-in pictures of the ACs, micro Y-junction are also exhibited as insets. In order to evaluate the performance of the fabricated MDM link, the transmission spectra are measured by coupling the light from a broadband source into the device by a TE grating coupler (GC), as shown in Fig. 5 . A set of reference circuits with only GCs connected with a straight waveguide have been fabricated on the same chip. The spectra are normalized by subtracting the loss induced by the GCs, showing that the modal crosstalk (transmission paths for I1-O2 and I2-O1) is lower than -19 dB and insertion loss (transmission paths for I1-O1 and I2-O2) is less than 1.5 dB from 1510 to 1600 nm. It is worth mentioning that the drastic oscillations around 1510 and 1600 nm result from the severe reduction of the light intensity from the broadband source, as well as the low coupling efficiency of the GCs. The real bandwidth performance can be obtained if a wider light source and a better coupling design such as edge coupling are applied. Although the proposed scheme is not easy to scale up for more modes, it is still meaningful due to large bandwidth and fabrication tolerance.
Conclusion
We have proposed and demonstrated a simple two-mode multiplexing scheme based on adiabatic couplers. To relax fabrication difficulty, a micro Y-junction is adopted to connect the adiabatic couplers and normal bus waveguide, enabling the compatibility with other multimode devices. The MDM link including the proposed MMUX and DeMMUX is characterized with crosstalk lower than -19 dB and insertion loss of less than 1.5 dB over 90 nm wavelength. The fabrication tolerance is also investigated, indicating a good reliability of the proposed mode MUX on the gap and etching depth deviations.
